Objective Mercury is a ubiquitous environmental contaminant with toxic outcomes over a range of exposures. In this study, we investigated the effects of mercury exposure on early immune responses to coxsackievirus B3 (
Introduction
Mercury is a heavy metal with well-defined neurotoxic properties and increasing evidence for immunotoxic effects. Mercury exposure is of global public health importance and many individuals in the US and worldwide are exposed at doses exceeding the level of concern [1] . Exposure to mercury compounds can occur through occupational exposures, primarily inorganic mercury (iHg) [2] , or environmentally through consumption of fish contaminated by methyl mercury (MeHg) [3] . An epidemiological study found an association between clinically diagnosed systemic lupus erythematosus (SLE) and self-reported occupational exposure to mercury primarily in those working with mercury-based dental amalgams [4] . We, and others, have reported that exposure to mercury increases serum biomarkers of autoimmune dysfunction including anti-nuclear (ANA) and anti-nucleolar autoantibodies (ANoA) [5] [6] [7] [8] , thyroid autoantibodies [9] , and other autoantibodies such as anti-glutathione S-transferase autoantibody [10] .
Many studies in rats and mice have demonstrated that relatively high dose exposure to mercury influences the immune system resulting in autoimmunity. In certain inbred strains of mice mercury compounds induce a lupus-like autoimmune disease in females [11] [12] [13] [14] . In lupus-prone female BXSB mice, low-dose mercury can accelerate kidney disease [15] and pretreatment with lowdose mercury accelerates disease in the chronic Graftversus-Host model of lupus in female, but not in male mice [16] . We recently reported that pretreatment with low-dose mercury increases the severity of chronic autoimmune myocarditis and the prevalence of dilated cardiomyopathy in the coxsackievirus B3 (CVB3) and experimental autoimmune myocarditis models [17, 18] . However, the precise mechanisms for enhanced disease remain unclear.
In this study, we explore the hypothesis that the immunomodulatory effects of mercury are elicited in the context of genetic predisposition and co-exposure to a triggering event using CVB3 as a trigger and studying the early innate immune response to mercury and CVB3 coexposure. Previously, we found that in order for mercury to increase chronic myocarditis and dilated cardiomyopathy, mercury exposure had to occur prior to CVB3 infection [17] . Thus, we hypothesize that mercury modulates the early innate immune response to CVB3 infection and thereby sets in place a cascade of events ending in increased severity of myocarditis and prevalence of dilated cardiomyopathy. We showed that the innate immune response to CVB3 directs the progression to acute myocarditis and dilated cardiomyopathy [19] [20] [21] , suggesting that alterations in the innate immune response by mercury could have long-term effects. To test this hypothesis, we examined the early innate immune response of peritoneal immune cells and gene expression/cytokine levels in the spleen at 6 h post-infection. We confirmed that mercury exposure exacerbates chronic autoimmune myocarditis in female BALB/c mice as in our previous report in males. In addition, we have shown that mercury exposure without CVB3 infection does not induce myocarditis in female BALB/c mice [17] .
Materials and methods

Treatment protocol
Female BALB/cJ (BALB/c) mice (6-8 weeks old) were purchased from Jackson Laboratory (Bar Harbor, ME) and were pretreated with mercuric chloride (HgCl 2 , 200 lg/kg body weight every other day for 2 weeks, for a total of 8 doses, 100 ll per mouse) by subcutaneous (sc) injection before infection with CVB3. This is the dosing regimen most commonly used in studies of mercury-induced immunotoxicity [22] . Female mice were used in this study because most published studies of the immune response to mercury have been conducted in female mice, and female BALB/c mice respond with a similar innate immune response to CVB3 infection in many respects, but at a lower level [19, 20] . Control animals were treated with PBS (vehicle, 100 ll per mouse) following the same schedule of dosing prior to infection. Mice were maintained under pathogen-free conditions in the animal facility at Johns Hopkins University School of Medicine or the University of South Carolina School of Medicine, and approval was obtained from the Animal Care and Use Committees of the Johns Hopkins Bloomberg School of Public Health and the University of South Carolina for all procedures.
Infection with CVB3
Five days after the last mercury or vehicle treatment, mice were inoculated by intraperitoneal (ip) injection with 10 3 plaque-forming units (PFU) of a heart-passaged stock of CVB3 that contained cardiac proteins (Nancy strain; American Type Culture Collection) [23, 24] . We include this brief washout period to allow the immune system time to recover and respond to the mercury exposure. Individual experiments were conducted at least three times with 15 mice per treatment group. In two of these experiments, an additional 10 mice per treatment group were kept until day 35 post-infection for examination of chronic autoimmune myocarditis.
Examination of chronic autoimmune myocarditis
Thirty-five days post-infection, a subset of mice were euthanized by cervical dislocation under anesthesia and hearts were cut longitudinally, fixed in 10 % phosphatebuffered formalin, and embedded in paraffin. Sections were cut 5 lm thick at various depths in the tissue section and stained with hematoxylin and eosin (H&E) to determine the level of inflammation. Sections were examined by two independent investigators in a blinded manner. Myocarditis was assessed as the percentage of the heart section with inflammation compared with the overall size of the heart section, with the aid of a microscope eyepiece grid, as described previously [25] .
Evaluation of cellular phenotypes
At 6 h post-infection, animals were euthanized by cervical dislocation under anesthesia and peritoneal lavage was performed by standard methods [20] . Lavage samples were pooled from 3 mice from a total of 15 mice per treatment group (resulting in N = 5 per treatment) and mast cells and macrophages were separated from peritoneal lavage cells using anti-CD117 or anti-FITC (to cells stained with anti-F4/80 FITC) paramagnetic beads on a magnetic column (Miltenyi Biotec), as previously described [20] . Six hours was chosen because previous studies have found this to be the optimal time for change in the cellular markers of interest in these cells in the peritoneum [19, 20, 26] . 
Cytokine measurement
The spleen was also removed for cytokine analyses. The spleen was cut in half and frozen in dry ice immediately after harvest and stored at -80°C until homogenized (or utilized for RNA isolation, see ''qPCR gene expression analysis''). Spleens were weighed, thawed, and homogenized at 10 % w/v in 2 % fetal bovine serum/minimal essential medium, and supernatants were stored at -80°C until used in cytokine assays. Cytokines were measured in tissue supernatants using bead-based multiplex cytokine kits (Bio-Plex; Bio-Rad), according to manufacturer's instructions. The limits of detection for the cytokines were as follows: interleukin (IL)-1a, 1.3 pg/ml; IL-1b, 3.0 pg/ ml; IL-3, 1.3 pg/ml; IL-4, 2.4 pg/ml; IL-5, 1.7 pg/ml; IL-6, 1.2 pg/ml; IL-9, 1.4 pg/ml; IL-10, 1.0 pg/ml; IL-12/23 p40, 1.2 pg/ml; IL-12 p70, 2.5 pg/ml; IL-13, 1.6 pg/ml; IL17a, 1.4 pg/ml; IFN-c, 2.0 pg/ml; eotaxin, 1.7 pg/ml; granulocyte colony-stimulating factor (G-CSF), 1.7 pg/ml; granulocyte-macrophage colony-stimulating factor (GM-CSF), 1.6 pg/ml; CCL2, 1.7 pg/ml; CCL3, 1.6 pg/ml; CCL4, 1.2 pg/ml; regulated upon activation normal T cell expressed and presumably secreted (RANTES), 1.0 pg/ml; tumor necrosis factor (TNF)-a, 1.7 pg/ml. Cytokines were expressed as pg/g of spleen tissue ± SEM. qPCR gene expression analysis Spleen tissue samples were placed into RNAlater Ó -ice (Invitrogen; Carlsbad, CA) according to manufacturer's instructions. Tissues were soaked in at -20°C for 16 h, removed from RNAlater Ó -ice, and then stored at -20°C until use. Tissues were homogenized and total RNA was isolated using RNeasy isolation kit (Qiagen; Valencia, CA) according to manufacturer's instructions. RNA quantity and quality was assessed by 260/280 ratio. Primers used were designed through NCBI primer-blast for Rplp0 (house-keeping gene), Arg1, and Nos2 and purchased from Integrated DNA Technologies (Coralville, IA). Primer sequences are presented in Table 1 . Gene expression was analyzed by real-time qPCR on a CFX Connect (Bio-Rad) using SensiFast SYBR No-ROX One-Step kit (Bioline; Randolph, MA) with the following protocol: 1 cycle at 45°C for 10 min, 1 cycle at 95°C for 1 min, 35 cycles of 95°C for 5 s, 60°C for 10 s, and 72°C for 5 s, followed by a melt curve. qPCR results were analyzed using BioRad CFX Manager software (Bio-Rad). Data are expressed as relative normalized expression: DDCq for each gene of interest relative to the house-keeping gene.
Statistical analysis
The data were analyzed by the Student's t test (significance of observed differences between treatment groups) for normally distributed data. The Mann-Whitney U test was used to evaluate non-parametric data comparing two groups. Differences were considered significant at p \ 0.05. 
Results
Mercury exacerbates chronic autoimmune myocarditis in female mice
Mercury exposure significantly increased chronic CVB3-induced myocarditis at day 35 post-infection (Fig. 1) . Treatment of mice with mercury or PBS (vehicle) alone did not result in the development of myocarditis or immune infiltration into the heart. We previously reported similar findings in male mice, which are susceptible to more severe myocarditis in response to CVB3 [17] .
Mercury increases co-stimulatory and innate signaling molecule expression on macrophages Activation of the innate immune system is necessary for protection from infection and the development of an adaptive immune response. Due to the small number of macrophages and mast cells present in the peritoneal lavage at 6 h post-infection, we pooled subsets of the samples (cells isolated from 3 mice) by treatment group, resulting in N = 5 per treatment group for flow cytometric analyses. Further, we sorted cells for macrophage positivity using paramagnetic beads conjugated to F4/80 antibody.
To verify sorting, we stained cells with CD11b and demonstrate a high percent of macrophage cells (Fig. 2e) . Similar enrichment for mast cells was used on the F4/ 80 negative fraction (data not shown). Exposure to mercury alone has no effect on the total number of macrophages in the peritoneum (Table 2) nor does expression of the macrophage markers we examined (PBS and Hg groups in Fig. 2a ) change. However, mercury exposure combined with viral infection increases the percentage of macrophages expressing the co-stimulatory molecule CD86 (Fig. 2a, g ) or the innate receptor TLR4 (PBS ? CVB3 and Hg ? CVB3 groups in Fig. 2a, h ). While the total number of CD86? macrophages is not different between these two groups, the number of TLR4? macrophages is significantly reduced (Table 3) .
Mercury decreases regulatory co-stimulatory but increases innate signaling molecules on mast cells
We found that mercury exposure decreases the regulatory co-stimulatory molecule CD80 on mast cells (Fig. 2b) both in the presence and absence of viral infection. The total number of CD80? mast cells is not changed between treatment groups (Table 2 ). These data are consistent with our previous findings that reduction in CD80 expression is associated with reduced CTLA-4 levels in CD4? T cells and thus decreased regulation [20] .
Conversely, TLR4 and Tim-3 molecule expression increases with mercury in the presence of viral infection (PBS ? CVB3 and Hg ? CVB3 groups in Fig. 2b ). At the same time, the total number of TLR4? mast cells also increases with mercury and viral infection (Table 3) , but not in the absence of infection. These results are consistent with previous studies which determined that increased TLR4 on innate immune cells was associated with increased myocarditis in male mice [19, 25] . The ability of mercury to increase TLR4 expression on mast cells and macrophages, which promote cardiac remodeling and fibrosis, provides a mechanism for mercury pretreatment exacerbation of chronic inflammatory dilated cardiomyopathy [17] .
Mercury exposure decreases co-stimulatory and innate signaling molecule expression on B cells but does not affect T cells
Regardless of the presence or absence of CVB3 infection, we found that mercury decreases CD80, CD86, and TLR4 expression on B cells (Fig. 2c) . The total number of B cells decreases with mercury exposure with and without the presence of virus (Tables 2, 3 ). T cells were unaffected by mercury exposure (Fig. 2d) .
Mercury modulates cytokines in the spleen
Because mercury has previously been shown to increase by Th1 and Th2 cytokine levels in animal models of mercuryinduced autoimmunity [27] , we examined a wide panel of cytokines in the spleen using multiplex kits. Mercury exposure on its own induces elevated CCL4, and significantly decreases TNF-a, IL-1b, and RANTES (PBS and Hg groups in Fig. 3 ). Six hours post-infection with CVB3, CCL4 remains elevated and RANTES remains decreased with mercury exposure; however, TNF-a and IL-1b are not different between treatment groups (PBS ? CVB3 and Hg ? CVB3 groups in Fig. 3) . The pro-inflammatory cytokines IL-6 and CCL2 are significantly increased with mercury in the context of viral infection. Mercury exposure also significantly decreases cytokines associated with Th2 responses such as IL-9 and IL-13, but only in the presence of virus (PBS ? CVB3 and Hg ? CVB3 groups in Fig. 3 ). We previously demonstrated that mercury pretreatment increases the number of macrophages in the heart at 12 days post-infection [17] . Since flow cytometric analysis demonstrated an increase in the number and activity of macrophages in the peritoneum and macrophage-activated/ associated cytokine and chemokine levels were also increased in the spleen, we examined gene expression of two genes specific to classically and alternatively activated macrophages. Specifically, we examined inducible nitric oxide synthase (iNOS) and arginase (Arg), as markers of classically and alternatively activated macrophages, respectively. As expected, CVB3 infection increases iNOS expression, but this effect does not change with mercury exposure (Fig. 4a) . Alternatively, Arg expression was significantly increased with mercury exposure and CVB3 infection (Fig. 4b) .
Discussion
Mercury has been shown to exacerbate autoimmunity in several models including lupus-prone mouse strains, in mice where autoimmune disease is induced by treatment with allografts [16] , antigenic stimuli [18] , or by infection [28] . These effects are clearly sex-dependent since the disease severity varies with the sex of the mouse in these models. The mechanism(s) by which mercury interacts with the immune system is not fully understood, although it has been suggested that both T and B cells play important roles in driving mercury-induced effects [13, [29] [30] [31] [32] . In the lupus-like mouse model of mercury-induced autoimmune disease, activation of the innate immune response, specifically TLR4 signaling through LPS stimulation, exacerbates disease [33] . In the collagen-induced arthritis model, mercury exposure during the induction phase, or innate immune response, also exacerbates the disease [34] . These studies indicate that mercury alters the innate immune response to infection or adjuvant treatment resulting in increased disease.
In this study, we examined the effects of low-dose mercury exposure on the early innate immune response to CVB3 infection. Studies have demonstrated the importance of the innate immune response to CVB3 infection in the progression of inflammatory heart disease [19, 21, 26, 35, 36] . Specifically, the production of innate cytokines, degranulation of mast cells, and induction of pro-fibrotic alternatively activated macrophages have been shown to be critical for exacerbation of disease. We found that in the presence of an active viral infection, mercury upregulated the expression of TLR4 on both macrophages and mast cells. These results are consistent with those of AbediValugerdi et al. [33] in that the effects of mercury and either virus (in our studies) or LPS (in their studies) are acting on similar pathways downstream of LPS signaling (i.e., TLR4) [37] . Furthermore, myocardial inflammation is significantly decreased in TLR4 signaling defective mice 
Asterisk indicates p \ 0.05 between groups indicating the importance of this pathway in promoting inflammation following infection [25] . We found upregulated expression of CD86 on macrophages but downregulated expression of CD80 and CD80/ CD86 expression on mast cells and B cells, respectively, in the presence of viral infection and mercury exposure. We have previously observed increased numbers of macrophages in the heart with mercury pretreatment [17] during acute disease and others have found that CD80/ CD86 co-stimulatory molecules are required for mercuryinduced autoimmune disease [38] . Importantly, we found that mercury exposure increased the expression of arginase, a marker of alternatively activated macrophages, in the spleen following CVB3 infection. This finding supports our hypothesis that the mercury-induced exacerbation of CVB3-induced cardiac fibrosis and dilated cardiomyopathy is at least partially driven by upregulation of alternatively activated macrophages. Mercury did not change the expression of regulatory or activation molecules on T cells. However, while the peritoneal T cell phenotypes did not change with mercury exposure, T cell-mediated cytokines, such as IL-6 and IL-13, did change in the spleen.
Previous studies have shown that cytokines play an important role in the development and severity of autoimmune myocarditis. Elevations in the level of IL-1b and IL-18 in the heart predict a more severe acute disease [25] and IL-6 [39] and IL-12 [40] upregulate autoimmune myocarditis. IL-17A is required for progression to dilated cardiomyopathy in the experimental autoimmune myocarditis model, but not necessary for acute disease [41] . CCL2, CCL3, [42] and IL-4 [43] are important in the induction of myocarditis. Whereas, IL-10 [44] , IL-13, [35] , and IFN-c [40, 45, 46] are protective in autoimmune myocarditis.
The increases in IL-6 that we observed in mercury exposed CVB3 infected mice are consistent with previous findings on macrophage-lineage microglia in vitro in which mercury exposure increased IL-6 levels in primary neuronal cultures [47] . Increased levels of pathogenic IL-6 and CCL2 combined with the loss of regulation provided by the decreased IL-13 levels provide some clues to the mechanism(s) by which mercury exposure exacerbates autoimmune myocarditis [17] .
In this study, we focused on the effects of mercury on the early immune response to CVB3 infection. Our study differs from other studies of mercury in that we utilize a lower dose of mercury and a shorter dosing time. In addition, we used a non-lethal myocarditic CVB3 that had been passaged through the heart and contained cardiac proteins, making the model more similar to adjuvantinduced myocarditis [23, 48] . There is limited information from the literature on potential mechanisms of interaction between mercury and CVB3. Mercury treatment itself does not induce myocarditis or dilated cardiomyopathy [17, 18] . Furthermore, mercury treatment does not reactivate CVB3 in the heart during chronic myocarditis since infectious virus cannot be detected at day 35 pi [17] . In studies on human peripheral blood mononuclear cells in vitro, we found that cytokine responses to mercury required cellular activation [49] . The findings from this study are consistent with our hypothesis that mercury induces changes in the immune response that require a trigger event to be elucidated; and that the effect of co-exposure with mercury and trigger (i.e., CVB3) are influenced by host factors. Overall, our findings show that the effects of mercury pretreatment on the early innate immune response to viral infection are complex, with some cells such as macrophages activated while others such as mast cells and B cells are suppressed. These findings emphasize the importance of understanding the particular mechanisms of disease induction for different autoimmune diseases (i.e., TLR4/CD86 for myocarditis and Th2 response/B cells for lupus) to understand the effect of mercury exposure on disease outcome. 
